INTRODUCTION
============

Arterial myocytes have the intrinsic ability to contract in response to increases in intravascular pressure ([@bib4]). It has been proposed that this myogenic response is initiated by the stretch-induced activation of the nonselective cation channels TRPP2, TRPC6, and TRPM4, which depolarize arterial myocytes ([@bib42]; [@bib11]; [@bib37]; [@bib27]). Membrane depolarization activates voltage-gated L-type Ca~V~1.2 channels ([@bib20]; [@bib17]; [@bib34]; [@bib24]). The influx of Ca^2+^ via a single Ca~V~1.2 channel can be optically detected in the form of a "Ca~V~1.2 sparklet" ([@bib28]; [@bib3]). Simultaneous activation of multiple Ca~V~1.2 sparklets induces a cell-wide increase in intracellular Ca^2+^ (\[Ca^2+^\]~i~) that activates myosin light chain kinase and thus triggers contraction. This myogenic response is critical for the process of autoregulation of blood flow.

Cerebral artery myocytes express transient receptor potential vanilloid 4 (TRPV4) channels. Like Ca~V~1.2 channels, TRPV4 channels are highly permeable to Ca^2+^ ([@bib26]; [@bib38]). However, while Ca~V~1.2 channels are critical for contraction, TRPV4 channels have been linked to relaxation ([@bib12], [@bib13]). According to this model, the endothelium-derived factor 11,12-epoxyeicosatrienoic acid (11,12-EET) activates TRPV4 channels, and the resulting influx of Ca^2+^ activates nearby ryanodine receptors (RyRs), which release Ca^2+^ from the sarcoplasmic reticulum in the form of a Ca^2+^ spark. Local Ca^2+^ sparks activate large-conductance, Ca^2+^-activated K^+^ (BK) channels. This hyperpolarizes the membrane and closes Ca~V~1.2 channels, thereby decreasing \[Ca^2+^\]~i~ and causing myocyte relaxation. One implication of this model is that the strength of the TRPV4-induced arterial myocyte hyperpolarization depends on the magnitude, frequency, and location of the Ca^2+^ signals produced by TRPV4 channels. These relationships, as well as the molecular mechanisms regulating local TRPV4 Ca^2+^ signals in arterial myocytes, have not been clearly established.

PKC is an important signaling molecule in the regulation of TRPV4 channels ([@bib6]; [@bib15]). In arterial myocytes, PKC is activated by an increase in local \[Ca^2+^\]~i~ and diacylglycerol (DAG) produced by the activation of G~q~ protein--coupled receptors, including angiotensin II (AngII) receptors. PKC is targeted to the sarcolemma of arterial myocytes by the anchoring protein AKAP150 ([@bib30]). Biochemical and cell-based studies suggest a potential mechanism for local Ca^2+^-dependent activation of PKC ([@bib22]). The model suggests that as Ca^2+^ enters the cell, it recruits Ca^2+^/calmodulin to AKAP150, which then releases PKC from the AKAP150 complex, allowing it to phosphorylate nearby targets rapidly. At present, a role for AKAP150-anchored PKC in the modulation of arterial myocyte TRPV4 channels is unclear.

In this study, we combined electrophysiological and a variety of microscopy approaches to investigate the spatial organization and function of TRPV4 channels in arterial myocytes. Super-resolution imaging and cross-correlation raster image correlation spectroscopy (ccRICS) revealed new insights on how individual AKAP150 and TRPV4 channel complexes are organized in the cell membrane. We recorded subcellular Ca^2+^ signals resulting from the opening of single TRPV4 channels ("TRPV4 sparklets"). Activation of AngII signaling increased TRPV4 sparklet activity, and this activity was dependent on AKAP150 and PKC. We propose a mechanistic model in which TRPV4 channels dynamically interact with AKAP150, thereby targeting PKC to these channels. This creates local signaling domains that control TRPV4 Ca^2+^ influx into arterial myocytes.

MATERIALS AND METHODS
=====================

Arterial diameter measurements and isolation of arterial myocytes
-----------------------------------------------------------------

Rats (Sprague-Dawley) as well as wild type (WT), AKAP150-null (AKAP150^−/−^), and TRPV4-null (TRPV4^−/−^) mice (C57BL/6J) were used in this study. Animals were euthanized with a lethal dose of sodium pentobarbital (250 mg/kg IP), as approved by the University of Washington (rats, WT mice, and AKAP150^−/−^ mice) or University of Vermont (WT and TRPV4^−/−^ mice) Institutional Animal Care and Use Committees. For diameter measurements, cerebral arteries were dissected, cleaned, and transferred to an arteriograph chamber, where they were cannulated with a glass micropipette. The endothelium was removed by passage of an air bubble through the lumen of the artery. The proximal pipette was attached to a servo-controlled pressure-regulating device (Living Systems Instrumentation). Arteries were pressurized (60 mmHg) for \>45 min in a saline solution (36°C) containing (in mM) 119 NaCl, 4.7 KCl, 1.2 KH~2~PO~4~, 1.2 MgCl~2~, 2 CaCl~2~, 10 glucose, and 25 NaHCO~3~, pH 7.4. This solution was aerated with a normoxic gas mixture (21% O~2~, 5% CO~2~, balance N~2~). Inner diameter was monitored using video microscopy and edge-detection software (Ionoptix). Loss of the endothelium was confirmed by the lack of dilatory response to the endothelium-dependent vasodilator NS309 (1 µM). Maximum contractile responses were induced by exposing the arteries to a saline solution with 100 nM of the thromboxane analogue U46619. Myocytes for total internal reflection fluorescence (TIRF), confocal, and super-resolution microscopy were dissociated from cerebral arteries using previously described approaches ([@bib2]).

Culture and transfection of tsA-201 cells
-----------------------------------------

We kept tsA-201 cells in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum and a 1% penicillin/streptomycin antibiotic solution. Cells were transiently transfected using jetPEI and plated onto 25-mm coverslips (0.13--0.17-mm thick). The plasmids used in this study encoded the enhanced green fluorescent protein (EGFP), tag red fluorescent protein (tRFP), mouse TRPV4 fused to EGFP or mCherry, AKAP150 fused to EGFP, AKAP79 fused to mCherry, PKCα, the transcription factor CIBN fused to EGFP and a CAAX box (CIBN-EGFP-CAAX), and opto-α~1~ adrenergic receptors (opto-α~1~AR) fused to YFP. TRPV4, CIBN-EGFP-CAAX, and opto-α~1~AR-YFP were provided by S. Philipp (Saarland University, Saarbrücken, Germany), P. De Camilli (Yale University, New Haven, CT), and K. Deisseroth (Stanford University, Stanford, CA), respectively. We fused TRPV4 channels to mCherry (TRPV4-mCherry) or EFGP (TRPV4-EGFP) at their carboxy tail. Successfully transfected cells were identified on the basis of EGFP, YFP, tRFP, or mCherry fluorescence. Experiments were performed 24--48 h after transfection. Plasmids encoding EGFP and tRFP were purchased from Invitrogen and Evrogen, respectively.

Confocal immunofluorescence microscopy
--------------------------------------

Arterial myocytes were fixed, permeabilized, and exposed to anti-TRPV4 (H-79) and anti-AKAP150 (N-19) antibodies (Santa Cruz Biotechnology, Inc.). Alexa Fluor 488--conjugated donkey anti--goat (5 µg/ml) and an Alexa Fluor 568--conjugated donkey anti--rabbit (5 µg/ml; Molecular Probes) were used as secondary antibodies. Confocal images were acquired with a confocal microscope (Fluoview FV1000; Olympus) equipped with a UPlanS-Apochromat 60× (NA 1.2) water immersion objective lens. The resolution of our confocal microscope was ∼250 nm in the x-y axis and ∼800 nm in the z axis. Myocytes were imaged with a zoom of 3.5 (1,024 × 1,024 pixel images; pixel size = 0.1 µm). Alexa Fluor 488 and Alexa Fluor 568 were excited using 473 nm and 559 nm lasers, respectively. Fluorescence was quantified by measuring the intensity of pixels above a threshold defined as the mean nonspecific fluorescence intensity within cells (i.e., cell background, secondary antibody only) plus three times its SD. We calculated the Pearson's coefficient of TRPV4 and AKAP150 images to quantify the degree of overlap between fluorophores within the confocal volume.

Super-resolution microscopy
---------------------------

We used a ground state depletion (GSD) system (Leica) to generate TIRF and super-resolution localization images of TRPV4 and AKAP150 in arterial myocytes. The system is coupled to an inverted microscope (DMI6000B; Leica). Images were obtained using 100× (NA 1.47) or 160× HCX Plan-Apochromat (NA 1.47) oil immersion lenses and an electron microscopy charge-coupled device (EMCCD) camera (iXon3 897; Andor Technology). Cells were fixed, permeabilized, and exposed to antibodies targeting TRPV4 and AKAP150 as described in the immunofluorescence section above. We used secondary antibodies conjugated to Alexa Fluor 488 (TRPV4) or Alexa Fluor 647 (AKAP150). During imaging, cells were kept in PBS (pH 7.4) containing 30 mM mercaptoethylamine (MEA). Fluorophores were excited with 300 mW 488 and 647 nm lasers. The power of the light exiting the lens was ∼3--5% of the total power of these lasers.

The localization of fluorescence particles was determined by fitting single molecule fluorescence signals with a 2D Gaussian function using LASAF software (Leica). The localization accuracy (i.e., standard error) of the system is limited by the statistical noise of photon counting ([@bib21]; [@bib18]; [@bib35]). Thus, assuming the point-spread functions are Gaussian, the precision of localization is proportional to DLR/√N, where DLR is the diffraction-limited resolution of a fluorophore and N is the number of detected photons. Accordingly, we estimated a lateral localization accuracy of ∼13 nm for Alexa Fluor 488 and ∼11 nm for Alexa Fluor 647. The effective resolution (i.e., width at half-maximum amplitude) of our system was ∼30 nm and ∼26 nm for Alexa Fluor 488-- and Alexa Fluor 647--associated fluorescence. Images were rendered to a pixel size of 5 or 10 nm. For analysis, we set an event threshold of 60 events per pixel. High-resolution localization images were reconstructed using the coordinates of centroids obtained from these fluorescent particles from \>20,000 images. The number of events detected in cells exposed to primary and secondary antibodies ranged between 220,000 and 800,000. Only 3,000--4,290 events were detected in cells exposed to secondary antibodies only.

We used an object-based analysis to measure the distance between AKAP150 and TRPV4 channels in super-resolution localization images using National Institutes of Health ImageJ software with the JACoP colocalization analysis plug-in. This analysis uses image segmentation by connexity analysis ([@bib25]; [@bib5]). In brief, this process involves the systematic inspection of the neighborhood (8 pixels in 2D) of a pixel (reference pixel). All adjacent pixels with intensities above a set threshold limit are considered to be part of the same structure as the reference pixel and represent individualized particles (individualized structures). After segmentation, centroids are determined from each particle/structure. Centroids are the geometrical centers of the particle including the global shape of the particle/structure. We measured the distance between centroids in the green and red channel. Control experiments examined the distance of Alexa Fluor 488-- and Alexa Fluor 647--conjugated secondary antibodies.

Patch-clamp electrophysiology
-----------------------------

We controlled membrane potential and recorded membrane currents from arterial myocytes and tsA-201 cell using an Axopatch 200B amplifier. During experiments, cells were continuously superfused with a solution containing 142 mM NaCl, 6 mM KCl, 1 mM MgCl~2~, 10 mM HEPES, 10 mM glucose, and 2 mM CaCl~2~ adjusted to pH 7.4. Pipettes were filled with a solution composed of 100 mM Na^+^-glutamate, 20 mM NaCl, 1 mM MgCl~2~, 10 mM EGTA, 10 mM HEPES, 4 mM Na~2~-ATP, and 42 mM mannitol, pH 7.2. To determine the TRPV4 current--voltage relationship, cells expressing TRPV4 channels were voltage-clamped to −70 mV. Whole-cell TRPV4 currents were recorded while cells were submitted to a 1-s voltage ramp from −100 to +120 mV. Electrophysiological signals were acquired at a frequency of 5--10 kHz and low-pass filtered at 1 kHz. A voltage error of 12 mV resulting from the liquid junction potential of these solutions was corrected offline. All patch-clamp experiments were performed at room temperature (22--25°C). Currents were analyzed using pClamp 9.0 software (Axon Instruments).

\[Ca^2+^\]~i~ imaging
---------------------

TRPV4 and Ca~V~1.2 sparklets were recorded in voltage-clamped (membrane potential = −70 mV) arterial myocytes and tsA-201 cells. We used a through-lens TIRF microscope built around an inverted microscope (IX-70; Olympus) equipped with a Plan-Apochromat (60×; NA 1.49) oil immersion lens (Olympus) and an EMCCD camera (iXON; Andor Technology). To monitor \[Ca^2+^\]~i~, 200 µM of the Ca^2+^ indicator Fluo-5F was added to the pipette solution described earlier. Rhod-2 (200 µM) was used in experiments in which EGFP-tagged proteins were expressed. Excitation of Fluo-5F and Rhod-2 was achieved with 491- or 563-nm lasers, respectively. The inclusion of a relatively fast Ca^2+^ indicator and the much slower Ca^2+^ buffer EGTA (10 mM) restricted Ca^2+^ signals to the vicinity of the point of Ca^2+^ influx ([@bib43]). Accordingly, the radius of TRPV4 sparklets was 0.50 ± 0.03 µm.

TIRF images were acquired at a frequency of 100--300 Hz using TILL Image software. Sparklets were detected and analyzed using custom software written in MATLAB ([@bib31]). Fluorescence intensity values were converted to nanomolar units as described previously ([@bib28], [@bib29]). All-points or event amplitude histograms were generated from \[Ca^2+^\]~i~ records. Histograms were fit with the following multicomponent Gaussian function:$$N = {\sum\limits_{j = 1}^{n}a_{j} \times exp\left\lbrack {- \frac{\left( {\Delta\left\lbrack {Ca^{2 +}} \right\rbrack i - jq} \right)^{2}}{2jb}} \right\rbrack,}$$where *a* and *b* are constants, and Δ\[Ca^2+^\]~i~ and *q* are the change in intracellular Ca^2+^ concentration and the quantal unit of Ca^2+^ influx, respectively. We determined the activity of sparklets by calculating the *n*P~s~ of each sparklet size, where *n* is the quantal level number and P~s~ is the probability that a quantal sparklet event is active. In addition, the signal mass of sparklets was determined. Details of the *n*P~s~ and signal mass analyses can be found elsewhere ([@bib45]; [@bib46]; [@bib28], [@bib29]). To calculate the Ca^2+^ flux associated with the opening of a TRPV4 channel, TRPV4 sparklets and currents were simultaneously recorded. From these records, the Ca^2+^ signal mass of a TRPV4 sparklet and the charge (in coulombs) of the underlying TRPV4 current (*Q*~TRPV4~) were calculated. *Q*~TRPV4~ was determined by integrating TRPV4 currents.

Light-induced activation of opto-α~1~AR
---------------------------------------

We used a confocal microscope to activate opto-α~1~AR and monitor \[Ca^2+^\]~i~ in voltage-clamped tsA-201. To avoid unintended activation of opto-α~1~AR by ambient light, tsA-201 cells expressing this protein were kept in the dark or under red light. For \[Ca^2+^\]~i~ imaging experiments, cells were loaded with the Ca^2+^ indicator Rhod-2 (200 µM) via the patch pipette. Rhod-2 was excited with 559 nm light. Xestospongin C (3 µM) was also added to the patch pipette solution used in these experiment to block Ca^2+^ release via IP~3~ receptors (IP~3~Rs). Confocal images were acquired every 500 ms. Local activation of opto-α~1~AR during these experiments was achieved by illuminating a small portion (3--12 µm^2^) of the surface membrane for 1 min with 473 nm light. \[Ca^2+^\]~i~ images were captured before, during, and after photo-activation of opto-α~1~AR. Whole-cell TRPV4 currents were recorded before and after cell-wide activation of opto-α~1~AR.

FRAP
----

We used FRAP to estimate the mobility of AKAP150-EGFP or TRPV4-EGFP expressed in the surface membrane of tsA-201 cells. We imaged tsA-201 cells expressing one of these proteins with our confocal microscope. The imaging protocol involved the acquisition of 10 control 512 × 512 pixel images (i.e., prebleaching) at a frequency of 1 Hz. This was followed by high-intensity illumination of a region of interest (ROI) with an area of ∼3--12 µm^2^ with 473 nm light (10 µW) for 10--20 s to photobleach AKAP150-EGFP or TRPV4-EGFP. The ROIs comprised ∼0.3--1% of the cell membrane. Images were continuously recorded during the photo-bleaching step until the fluorescence intensity in the bleached ROI reached steady state. During analysis, we determined the time course of the spatially averaged, background-subtracted fluorescence intensity in the ROI. Fluorescence intensity values were normalized to prebleaching levels. The mobile fraction (*f~m~*) was calculated by dividing the steady-state fluorescence intensity after photobleaching by the fluorescence intensity under control conditions. The immobile fraction (*f~i~*) was equal to 1 − *f~m~*.

Raster image correlation spectroscopy (RICS) and ccRICS
-------------------------------------------------------

We performed RICS and ccRICS analyses to determine the diffusion coefficients and interactions between TRPV4-mCherry and AKAP150-EGFP in living tsA-201 cells. Because the mathematical basis and experimental implementation of these techniques have been described in great detail in a series of papers by E. Gratton and colleagues ([@bib8],[@bib9]; [@bib33]), we will describe them here briefly. Images were acquired with our confocal microscope (FV1000), running in pseudo-photon counting mode. A 60× water immersion objective lens (NA 1.2) was used. Pixel size and dwell time were 50 nm and 12.5 µs, respectively. Files contained 100 images (256 × 256 pixels). RICS and ccRICS analyses were performed using SimFCS software as described previously ([@bib8],[@bib9]; [@bib33]; [@bib10]). Images were collected from the top and middle sections of the cells.

Because TRPV4-mCherry and AKAP150-EGFP fluorescence showed similar diffusion rates regardless of whether images were taken from the top or middle of the cell, ccRICS analysis was performed using images from the center of the cell. The analysis involves subtraction of background, elimination of slow or immobile proteins, and image correlation. To do this, we performed a moving average background subtraction (referred to here as moving average or MAV), which involves first calculating the average of a range of consecutive images then subtracting it from the image in the middle of this range. Because the diffusion coefficient of membrane-associated proteins tends to be slow, we used an MAV of 60 frames, which, given our imaging settings, emphasizes slower fluorescence intensity fluctuations lasting up to 69 s. The detection of protein--protein interactions using ccRICS assumes that fluorescent proteins do not undergo fluorescence resonance energy transfer (FRET) and that bleed-through between the two detection channels is \<5% ([@bib8]; [@bib33]). Accordingly, we did not detect FRET (donor dequenching method) between our AKAP150-EGFP and TRPV4-mCherry constructs. Moreover, bleed-through of EGFP into the mCherry channel and vice versa was 4.2% and 1.1%, respectively.

Quantitative real-time polymerase chain reaction (qPCR)
-------------------------------------------------------

Total RNA was isolated from ∼60 arterial myocytes or segments from WT or AKAP150^−/−^ using the RNAeasy Micro kit (QIAGEN) according to the manufacturer's instructions. cDNA was synthesized from 1 µg of total RNA using the SuperScript III kit (Invitrogen). qPCR was performed on an ABI Prism 7000 Sequence Detection System using the QuantiTect SYBR Green PCR kit (QIAGEN). Samples were amplified with the following protocol: 45 cycles of 94°C for 15 s; 56°C for 30 s; 72°C for 30 s. β-Actin transcript levels were used to normalize expression of TRPV4. Primers for TRPV4 (Mm_TRPV4_1\_SG) and β-actin (Mm_Actb_2\_SG) were obtained from QIAGEN. Real-time PCR data were analyzed using the ΔΔCT method.

Chemicals and statistics
------------------------

AngII, 11,12-EET, GSK1016790A, buffers, and salts were purchased from Sigma-Aldrich. The PKC inhibitor Gö6976 was purchased from EMD Millipore. Fluorescent Ca^2+^ indicators, cell culture media, and supplements were bought from Life Technologies. The jetPEI transfection reagent was purchased from Polyplus. Data with a normal distribution are presented as mean ± SEM. Two sample comparisons of parametric data were performed using a Student's *t* test. A Mann-Whitney test was used for nonparametric data. A p-value of \<0.05 was considered significant.

Online supplemental material
----------------------------

Fig. S1 shows data suggesting that TRPV4 sparklet duration is increased during GSK and AngII exposure to arterial myocytes. Fig. S2 shows the effects of AngII on Ca~V~1.2 and TRPV4 sparklets in arterial myocytes. Fig. S3 shows super-resolution localization maps of arterial myocytes labeled with TRPV4- and AKAP150-specific antibodies in the absence or presence of AngII. Online supplemental material is available at <http://www.jgp.org/cgi/content/full/jgp.201311050/DC1>.

RESULTS
=======

Super-resolution imaging reveals that TRPV4 channels form puncta of varied sizes in arterial myocytes.
------------------------------------------------------------------------------------------------------

A combination of confocal, TIRF, and super-resolution GSD microscopy was used to investigate the spatial organization of TRPV4 channels in arterial myocytes. The lateral resolution of our confocal microscope was ∼250 nm. [Fig. 1 A](#fig1){ref-type="fig"} shows a confocal image of a representative fixed arterial myocyte labeled with a TRPV4-specific antibody. TRPV4-associated fluorescence was observed all along the sarcolemma.

![Super-resolution imaging reveals clustering of TRPV4 channels in arterial myocytes. (A) Confocal image of a representative arterial myocyte labeled with TRPV4-specific antibody and the corresponding secondary antibody. (B) TIRF image (i) and super-resolution localization maps (ii and iii) of an exemplar arterial myocyte labeled with a TRPV4-specific antibody. iii shows an expanded view of the region of the cell in ii marked by the rectangle. The insets in iii highlight TRPV4 channel clusters in regions a, b, and c of the myocyte. Inset bar, 200 nm. (C) Histogram of the area of TRPV4 channel clusters in super-resolution localization maps.](JGP_201311050_Fig1){#fig1}

TIRF and super-resolution GSD microscopy were used to determine the spatial organization of TRPV4 channels in arterial myocytes at a higher level of resolution than that of conventional confocal microscopy. The resolution of our GSD super-resolution localization maps was ∼30 nm. TIRF and super-resolution localization images of TRPV4 channels were acquired from the same cell. TRPV4 channels were labeled with a combination of primary and Alexa Fluor 647--conjugated secondary antibodies. The TIRF image in [Fig. 1 B](#fig1){ref-type="fig"} shows that TRPV4-associated fluorescence varied regionally, which suggests a nonhomogenous distribution of these channels within the sarcolemma of arterial myocytes. The super-resolution image of this cell showed that those zones of high fluorescence intensity in the TIRF image are produced by smaller TRPV4 channel puncta of various sizes ([Fig. 1, B and C](#fig1){ref-type="fig"}). The calculated areas of TRPV4 puncta followed an approximately exponential distribution with a mean of 454 ± 15 nm^2^ (*n* = 28,652 clusters; [Fig. 1 C](#fig1){ref-type="fig"}). These confocal, TIRF, and super-resolution data suggest that TRPV4 channels are expressed along the sarcolemma of arterial myocytes, where they mostly form puncta of a wide range of sizes.

Elementary TRPV4 sparklets in arterial myocytes are produced by Ca^2+^ influx via single TRPV4 channels
-------------------------------------------------------------------------------------------------------

Local Ca^2+^ signals resulting from the opening of TRPV4 channels ("TRPV4 sparklets") were recorded using TIRF microscopy in freshly isolated arterial myocytes and tsA-201 cells transiently expressing the TRPV4 channel ([Fig. 2](#fig2){ref-type="fig"}). In these experiments, cells were voltage-clamped using the whole-cell configuration of the patch-clamp technique. Cells were imaged in the presence of 2 mM external Ca^2+^ while being held at −70 mV to increase the driving force for Ca^2+^ entry. \[Ca^2+^\]~i~ was monitored with the Ca^2+^ indicators Fluo-5F or Rhod-2.

![Elementary TRPV4 sparklets are produced by Ca^2+^ influx via single TRPV4 channels. (A) TIRF image of three sparklet sites in a representative tsA-201 cell expressing TRPV4 channels. The traces to the right of the image show time courses of \[Ca^2+^\]~i~ in the region of the cell marked by the green circle before and after the application of 10 nM GSK. The broken red line marks the amplitude of quantal TRPV4 sparklets. The solid red line highlights basal \[Ca^2+^\]~i~. (B) All-points histogram of TRPV4 sparklets after GSK application. The red line is the best fit to the data using a multi-Gaussian function with a q value of 48 nM. (C) TIRF image of a representative arterial myocyte and time courses of \[Ca^2+^\]~i~ within the area of the cell demarcated by the green circle before and after exposure to 100 nM GSK. (D) Histogram of the amplitudes of TRPV4 sparklets before (white bars) and after (gray bars) GSK application. Data were fit (solid lines) with a multi-Gaussian function (q = 48 nM). (E) Scatter plot of TRPV4 sparklet activity in arterial myocytes. The red lines are the median values. \*, P \< 0.05; Mann-Whitney test. (F) Plot of the relationship between TRPV4 sparklet signal mass and ΔQ~TRPV4~ in arterial myocytes. The solid line is a linear fit to the data (*r^2^* = 0.97). The inset shows a simultaneous recording of a TRPV4 current (black) and sparklet (red) from an arterial myocyte.](JGP_201311050_Fig2){#fig2}

We describe the experiments involving tsA-201 cells transiently expressing TRPV4 channels first. TRPV4 sparklets were recorded in tsA-201 before and after the application of the TRPV4-specific agonist GSK1016790A (GSK; 10 nM). [Fig. 2 A](#fig2){ref-type="fig"} shows a TIRF image of a representative cell and the time course of \[Ca^2+^\]~i~ in the area within the green circle under control conditions and after the application of GSK. TRPV4 sparklets were rarely observed under control conditions. However, application of 10 nM GSK evoked multiple TRPV4 sparklets in discrete regions of the cell. TRPV4 sparklets were not observed in nontransfected tsA-201 cells even in the presence of 10 nM GSK (*n* = 5). We generated an all-points histogram using TRPV4 sparklet records from multiple tsA-201 cells. The histogram had two distinct peaks and was fit with two Gaussian functions with centers at 0 and 50 nM corresponding to closed and open TRPV4 channels, respectively ([Fig. 2 B](#fig2){ref-type="fig"}).

In the next series of experiments, we recorded TRPV4 sparklets from freshly dissociated arterial myocytes in the absence and presence of GSK ([Fig. 2 C](#fig2){ref-type="fig"}). The experimental conditions were slightly different from those used to record TRPV4 sparklets in tsA-201 cells because cerebral artery myocytes express voltage-gated Ca~V~1.2 channels, which are also capable of producing sparklets and could thus complicate our analysis. Accordingly, we implemented a multipronged approach to eliminate Ca~V~1.2 channel activity. Myocytes were held at −70 mV, a membrane potential in which the open probability of Ca~V~1.2 channels in arterial myocytes is low ([@bib34]). In addition, experiments were performed while cells were continuously exposed to an external solution containing 2 mM Ca^2+^ and the Ca~V~1.2 channel antagonist nifedipine (1 µM). The use of 2 mM Ca^2+^ is important because at this concentration the vast majority of Ca~V~1.2 sparklets are below the detection limit of our system. Thus, even if a few unblocked Ca~V~1.2 channels manage to open in the presence of nifedipine, the \[Ca^2+^\]~i~ signals they will produce are unlikely to be detected.

[Fig. 2 C](#fig2){ref-type="fig"} shows a TIRF image of an arterial myocyte with two TRPV4 sparklet sites and the time course of \[Ca^2+^\]~i~ in one of these sites before and after the application of GSK. As in tsA-201 cells, TRPV4 sparklet activity under control conditions (i.e., nifedipine and no GSK) was low. A histogram of the amplitudes of TRPV4 sparklets recorded under control conditions has two peaks of decreasing amplitudes, which could be fit with a sum of two Gaussian functions with centers at 48 and 96 nM ([Fig. 2 D](#fig2){ref-type="fig"}). Thus, the quantal unit of Ca^2+^ influx via TRPV4 channels was ∼48 nM. We also quantified the duration of spontaneous TRPV4 sparklets in arterial myocytes ([Fig. S1 A](http://www.jgp.org/cgi/content/full/jgp.201311050/DC1){#supp1}). TRPV4 sparklet duration had an exponential distribution with a time constant (τ) of 12 ± 1 ms (42 events).

Because TRPV4 channels in arterial myocytes have a lower sensitivity for GSK than heterologously expressed channels ([@bib40]), a higher concentration (100 nM) of this drug was used to activate TRPV4 sparklets in arterial myocytes. Application of 100 nM GSK increased TRPV4 sparklet activity by increasing the activity of previously active sites and recruiting new sites. The histogram of the amplitudes of TRPV4 sparklets in the presence of GSK could be fit with a sum of three Gaussian functions with centers at a Δ\[Ca^2+^\]~i~ of 48, 96, and 144 nM. A histogram of the duration of TRPV4 sparklets in the presence of 100 nM GSK is shown in Fig. S1 B. This histogram was fit with a sum of two exponential functions with a fast and slow τ of 12 ± 2 and 68 ± 7 ms (372 events), respectively. This analysis suggests that application of 100 nM GSK increased Ca^2+^ influx into arterial myocytes by increasing the duration and number TRPV4 sparklets without changing the amplitude of elementary TRPV4 sparklets (i.e., 48 nM).

We quantified the activity (*n*P~s~) of TRPV4 sparklets in arterial myocytes under a broad range of experimental conditions ([Fig. 2 E](#fig2){ref-type="fig"}). Under control conditions, the *n*P~s~ of TRPV4 sparklets was 0.004 ± 0.002 (*n* = 31). In the presence of 3 nM or 100 nM GSK, TRPV4 sparklet activity in arterial myocytes was 0.03 ± 0.01 (*n* = 7) and 0.2 ± 0.02 (*n* = 31), respectively. The increase in TRPV4 sparklet activity induced by GSK was reversed by the application of the selective TRPV4 channel antagonist HC-0670473 (HC; 1 µM; *n*P~s~ = 0.003 ± 0.001, *n* = 7; [Fig. 2 E](#fig2){ref-type="fig"}). We also investigated the effects of the physiological TRPV4 channel activator 11,12-EET (300 nM) on sparklets. Importantly, the physiological TRPV4 channel activator 11,12-EET induced a nearly 50-fold increase in TRPV4 sparklet activity (*n*P~s~ = 0.20 ± 0.05, *n* = 10) above control levels.

Having established that native and heterologously expressed TRPV4 channels produce sparklets of similar amplitudes and pharmacological profiles, we tested the hypothesis that quantal TRPV4 sparklets are produced by the opening of single TRPV4 channels in arterial myocytes ([Fig. 2 F](#fig2){ref-type="fig"}). To test this hypothesis, we simultaneously recorded TRPV4 currents and sparklets in arterial myocytes. Because basal TRPV4 channel activity is very low, experiments were performed in the presence of 3 nM GSK. We used this relatively low concentration of GSK to induce a small increase in the open probability of TRPV4 channels, but to a level where most currents and sparklets are produced by the opening of a single TRPV4 channel.

The inset in [Fig. 2 F](#fig2){ref-type="fig"} shows a simultaneously recorded TRPV4 current and sparklet. At −70 mV, the amplitude of TRPV4 currents we recorded was −3.68 ± 0.41 pA (*n* = 16 cells), which are similar to those recorded by others from single TRPV4 channels under comparable experimental conditions ([@bib38]; [@bib41]; [@bib6]). Inward TRPV4 currents were always associated with sparklets with amplitudes similar to those of quantal TRPV4 sparklets in tsA-201 and arterial smooth muscle cells (i.e., ∼48 nM Ca^2+^; [Fig. 2 F](#fig2){ref-type="fig"}, inset). We determined the signal mass of TRPV4 sparklets to quantify the total amount of Ca^2+^ influx associated with each event. This value was linearly correlated (*r*^2^ = 0.97) to the amount of charge movement (in coulombs) associated with the simultaneously recorded TRPV4 current (Q~TRPV4~; [Fig. 2 F](#fig2){ref-type="fig"}), providing further support to the hypothesis that single TRPV4 channel currents mediate elementary TRPV4 sparklets.

The amount of Ca^2+^ entering an arterial myocyte during a TRPV4 sparklet is larger than that during a Ca~V~1.2 sparklet
------------------------------------------------------------------------------------------------------------------------

As mentioned previously, myocytes from resistance arteries express TRPV4 and Ca~V~1.2 channels, both capable of conducting Ca^2+^ and eliciting sparklets. However, whereas Ca~V~1.2 channels are the preponderant source of Ca^2+^ for contraction, TRPV4 channels have been linked to relaxation ([@bib20]; [@bib17]; [@bib34]; [@bib24]; [@bib12], [@bib13]; [@bib28]; [@bib3]). The functional role of TRPV4 and Ca~V~1.2 sparklets could be caused by differences in Ca^2+^ influx through these channels in arterial myocytes. To test this hypothesis, we compared the amplitude and signal mass of sparklets elicited by TRPV4 and Ca~V~1.2 channels ([Fig. 3](#fig3){ref-type="fig"}). As described earlier, all recordings were performed while arterial myocytes were superfused with a saline solution containing 2 mM Ca^2+^ and held at −70 mV. Ca~V~1.2 sparklets were identified as nifedipine-sensitive Ca^2+^ influx events while TRPV4 sparklets were identified as nifedipine-insensitive sparklets that increased upon application of GSK.

![The amplitude of the signal mass of quantal TRPV4 sparklets is larger than that of Ca~V~1.2 sparklets under physiological extracellular Ca^2+^ conditions. (A and B) All-points histograms generated from TRPV4 (A) and Ca~v~1.2 (B) sparklet records from arterial myocytes. The solid black lines represent best fits to the data with a multi-Gaussian function for TRPV4 (q = 48 nM) and Ca~v~1.2 (q = 18 nM) sparklets. The insets show representative TRPV4 and Ca~v~1.2 sparklet records (membrane potential = −70 mV; external Ca^2+^ = 2 mM). The broken red lines in the insets mark the amplitude of quantal TRPV4 sparklets. The solid red lines highlight basal \[Ca^2+^\]~i~. TRPV4 sparklets were recorded in the presence of 100 nM GSK. (C) Bar plot of the Ca^2+^ signal mass of Ca~v~1.2 (92 events) and TRPV4 (15 events) sparklets in arterial myocytes. Data are means ± SEM (error bars; \*, P \< 0.05; two-tailed Student's *t* test).](JGP_201311050_Fig3){#fig3}

Panels A and B in [Fig. 3](#fig3){ref-type="fig"} show all-point histograms of TRPV4 and Ca~V~1.2 sparklets in arterial myocytes, respectively. The TRPV4 sparklet histogram shows two peaks at 0 (i.e., baseline, closed channels) and 48 nM (i.e., open channel). However, the Ca~V~1.2 sparklets histogram exhibited Δ\[Ca^2+^\]~i~ amplitudes at 0 and close to our amplitude detection threshold of 18 nM. This suggests that with 2 mM external Ca^2+^, many Ca~V~1.2 sparklets cannot be detected with our system. Thus, the amplitude of TRPV4 sparklets is larger than that of Ca~V~1.2 sparklets at physiological Ca^2+^ levels. Indeed, we found that the signal mass of TRPV4 sparklets was ∼100-fold larger than that of Ca~V~1.2 sparklets ([Fig. 3 C](#fig3){ref-type="fig"}).

Because in the presence of 2 mM Ca^2+^ many Ca~V~1.2 sparklets fall below the detection limit of our system, their activity cannot be accurately estimated under these experimental conditions. Thus, we recorded Ca~V~1.2 sparklet activity in the presence of 20 mM external Ca^2+^, which allowed us to record elementary Ca~V~1.2 sparklets with an amplitude of ∼40 nM ([Fig. S2](http://www.jgp.org/cgi/content/full/jgp.201311050/DC1){#supp2}). Analysis of these records revealed that basal Ca~V~1.2 sparklet activity (*n*P~s~ = 0.095 ± 0.030) was higher than TRPV4. Thus, although Ca^2+^ influx through individual TRPV4 channels is higher than that of Ca~V~1.2 channels, the mean Ca~V~1.2 sparklet activity at −70 mV is ∼24-fold higher than that of TRPV4 sparklets (*n*P~s~ = 0.004 ± 0.020) in cerebral arterial myocytes. Note that membrane depolarization from −70 mV to the physiological membrane potential −40 mV should amplify this difference in Ca~V~1.2 and TRPV4 sparklet activity, as the open probability of Ca~V~1.2, but not TRPV4 channels, increases exponentially over this voltage range ([@bib34]).

AngII increases TRPV4 sparklet activity in arterial myocytes
------------------------------------------------------------

We used the biophysical data described to study the mechanisms by which physiological signals control TRPV4-mediated Ca^2+^ entry in arterial myocytes. We focused on the vasoconstrictor AngII because it is an important regulator of myocyte contraction, arterial diameter, and blood pressure. Furthermore, binding of AngII to its receptor activates a signaling cascade that culminates in the activation of PKC in arterial myocytes, and activation of this kinase seems to increase the activity of TRPV4 channels in neurons ([@bib6]). At present, however, whether activation of AngII-PKC signaling modulates TRPV4 channel function in arterial myocytes is unknown. Thus, we tested the hypothesis that AngII increases TRPV4 sparklet activity in arterial myocytes. Because AngII can activate Ca~V~1.2 and TRPV4 sparklets, we used a pharmacological fingerprinting approach to distinguish between these two events, identifying nifedipine-sensitive, HC-resistant events as Ca~V~1.2 sparklets and nifedipine-resistant, HC-sensitive events as TRPV4 sparklets (Fig. S2). All recordings were performed at physiological Ca^2+^ concentrations (2 mM).

Application of 100 nM AngII increased sparklet activity. Nearly 70% of these Ang-induced sparklet events were eliminated by application of an extracellular solution containing 1 µM nifedipine. The nifedipine-sensitive sparklets (presumably Ca~V~1.2 sparklets) had amplitudes ranging from 18 to 30 nM. Subsequent exposure to a solution containing nifedipine and the selective TRPV4 channel antagonist HC (1 µM) eliminated all remaining sparklet events (∼30%; Fig. S2 C). Collectively, these data suggest that, under these conditions, TRPV4 sparklets accounted for ∼30% of the total sparklet events induced by AngII in arterial myocytes (Fig. S2 C).

To resolve Ca~V~1.2 sparklets with amplitudes near or below the detection threshold (18 nM), we imaged cells after increasing the extracellular concentration of Ca^2+^ from 2 to 20 mM, but in the presence of the TRPV4 channel antagonist HC (1 µM). As shown in Fig. S2 D, 100 nM AngII increased Ca~V~1.2 sparklet activity to a level similar to that reported by [@bib30].

AngII modulated TRPV4-mediated Ca^2+^ influx by increasing TRPV4 sparklet activity and density ∼15-fold and ∼5-fold, respectively ([Fig. 4, A--C](#fig4){ref-type="fig"}). A histogram of TRPV4 sparklet duration could be fit by the sum of two exponential functions with fast (τ~fast~) and slow (τ~slow~) time constants of 12 ± 1 ms to 69 ± 8 ms, respectively (252 events; Fig. S1 C). The TRPV4 sparklets with long durations (i.e., t~slow~) that occurred in the presence of AngII were not observed under control conditions (i.e., no AngII; Fig. S1 A). A histogram of TRPV4 sparklet amplitudes before and after the application of AngII illustrates that AngII increased the number of TRPV4 sparklet events without changing the amplitude of elementary events (i.e., 48 nM Ca^2+^; [Fig. 4 D](#fig4){ref-type="fig"}). Thus, AngII increases TRPV4-mediated Ca^2+^ influx in arterial myocytes by increasing the duration of individual TRPV4 sparklets as well as the probability of TRPV4 sparklet occurrence.

![AngII increases TRPV4 sparklet activity in arterial myocytes. (A) TIRF images of an arterial myocyte before (left) and after (right) application of 100 nM AngII. The traces below each image show the time course of \[Ca^2+^\]~i~ in sites 1 and 2. Broken red lines mark the amplitude of elementary and multichannel TRPV4 sparklets, whereas the solid line shows the baseline. (B) Scatter plot of TRPV4 sparklet activity under control conditions and after application of AngII. The red lines are the median values (\*, P \< 0.05; *n* = 18; Mann-Whitney test). (C) Bar plot of TRPV4 sparklet site density before and after application of AngII. Data are means ± SEM (error bars; \*, P \< 0.05, *n* = 4; two-tailed Student's *t* test). (D) Amplitude histogram of TRPV4 sparklets before (white bars) and after AngII (gray bars) application. Data were fit with a Gaussian function with a q-value of 48 nM for control (black line) and AngII (red line) data.](JGP_201311050_Fig4){#fig4}

TRPV4 channels oppose AngII-induced vasoconstriction
----------------------------------------------------

In arterial smooth muscle cells, TRPV4 channels are proposed to form part of a signaling pathway that upon activation causes relaxation via the activation of large conductance Ca^2+^-activated K^+^ channels in the cells ([@bib12]). A testable prediction of this hypothesis is that application of AngII will induce a larger vasoconstriction in arteries from TRPV4-null (TRPV4^−/−^) than from WT mice. To test this hypothesis, cerebral resistance arteries from WT and TRPV4^−/−^ mice were cannulated, denuded from their endothelium, and pressurized to an intravascular pressure of 60 mmHg. Arterial diameter was measured under control conditions and after the application of AngII. AngII-induced constrictions were normalized to the constriction induced by 100 nM of the thromboxane A2 receptor agonist U41169. [Fig. 5 A](#fig5){ref-type="fig"} shows arterial diameter traces from representative WT and TRPV4^−/−^ arteries. Application of U41169 (100 nM) constricted WT and TRPV4^−/−^ arteries to the same extent, which suggests that loss of TRPV4 does not alter thromboxane A2 signaling in smooth muscle. Note, however, that application of 100 pM AngII evoked a stronger vasoconstriction in TRPV4^−/−^ than in WT arteries.

![TRPV4 channels oppose AngII-induced artery constriction. (A) Internal diameter records WT (right) and TRPV4^−/−^ (left) arteries pressurized to 60 mmHg. Solid horizontal bars mark the time when arteries were exposed to U46619 (100 nM) and AngII (100 pM). The forward slashes (//) in the traces indicate a gap of 15 min. (B) Plot of the percentage of the maximum vasoconstriction (AngII-induced contraction/U46619-induced contraction × 100) induced by application of various AngII concentrations to WT (*n* = 4) and TRPV4^−/−^ (*n* = 3) arteries. Solid lines are fits to the data with a dose--response function Y = maximal response + (maximal response − minimal response)/(1 + 10^LogEC50\ −\ X^). Data are means ± SEM (error bars; \*, P \< 0.05; two-tailed Student's *t* test).](JGP_201311050_Fig5){#fig5}

The plot in [Fig. 5 B](#fig5){ref-type="fig"} shows the effects of a broader range of AngII concentrations on arterial diameter. The AngII concentration--vasoconstriction relationship of WT and TRPV4^−/−^ arteries was sigmoidal. The effective AngII concentration required to evoke a vasoconstriction that is 50% of the maximal constriction response to U41169 (i.e., EC~50~) in TRPV4^−/−^ (4.7 × 10^−11^ M) and WT (6.6 × 10^−11^ M) arteries was comparable. This suggests that the number or sensitivity of AngII receptors in these arteries is similar. Importantly, and consistent with our hypothesis, AngII induced greater constrictions in TRPV4^−/−^ than in WT arteries at concentrations \>100 pM ([Fig. 5](#fig5){ref-type="fig"}). Thus, TRPV4 channels form part of signaling pathway that opposes AngII-induced vasoconstriction of cerebral arteries.

Optogenetic and pharmacological approaches suggest that PKC is required for AngII-induced increases in TRPV4 sparklet activity in arterial myocytes
---------------------------------------------------------------------------------------------------------------------------------------------------

We tested the hypothesis that AngII increases TRPV4 sparklet activity through activation of PKC. To do this, we used complementary pharmacological and optogenetic approaches. First, we examined the effects of AngII on TRPV4 sparklets before and after the application of the PKC inhibitor Gö6976 ([Fig. 6](#fig6){ref-type="fig"}). Application of Gö6976 (100 nM) significantly decreased AngII-induced TRPV4 sparklet activity in arterial myocytes ([Fig. 6, A and B](#fig6){ref-type="fig"}), which suggests that PKC is necessary for AngII-dependent stimulation of TRPV4 sparklets.

![AngII increases TRPV4 sparklet activity through the local activation of PKC. (A) Representative \[Ca^2+^\]~i~ records from a TRPV4 sparklet site in an arterial myocyte exposed to AngII (100 nM) or AngII plus Gö6976 (100 nM). Broken red lines mark the amplitude of elementary and multichannel TRPV4 sparklets; the solid line shows the baseline. (B) Scatter plot of TRPV4 sparklet activities under the experimental conditions shown in A. The red lines are the median values (\*, P \< 0.05; *n* = 17; Mann-Whitney test). (C) Confocal images of tsA-201 cells expressing opto-α~1~AR (i), opto-α~1~AR + PKCα (ii), or TRPV4 + opto-α~1~AR + PKCα (iii). (i) Image of a tsA-201 showing opto-α~1~AR-YFP membrane localization. The inset shows the fluorescence intensity along the yellow dashed line. Inset bars: (horizontal) 2 µm; (vertical) 10 AU. (ii and iii) Ca^2+^ imaging of tsA-201 cells expressing opto-α~1~AR + PKC (ii) or TRPV4 + opto-α~1~AR + PKC (iii), and loaded with the Ca^2+^ indicator Rhod-2. The traces in ii and iii show the time course of \[Ca^2+^\]~i~ in sites 1 and 2. The gray rectangles on the traces show when opto-α~1~AR was stimulated with 474 nm light in sites 1 and 2. Bars in traces: (horizontal) 20 s; (vertical) 1,000 AU. (D) Representative TRPV4 whole-cell currents of tsA-201 cells coexpressing TRPV4 channels, PKCα, and opto-α~1~AR before (black line) and after (red line) cell-wide opto-α~1~AR activation (60 s with 474 nm light). (E) Bar plot of the amplitude of TRPV4 currents at −80 mV and +80 mV before and after opto-α~1~AR activation. Data are means ± SEM (error bars; \*, P \< 0.05; *n* = 6; one-tailed Student's *t* test).](JGP_201311050_Fig6){#fig6}

Second, we took advantage of optoXRs, a new family of opsin-GPCR chimeras ([@bib1]). We used a chimera formed by fusion of the intracellular loops of the human α~1a~-adrenergic receptor with the transmembrane domains of opsin. The result is a light-sensitive protein termed "opto-α~1~AR" that can be activated with precise temporal and spatial control to initiate G~q~-mediated synthesis of DAG and IP~3~. Opto-α~1~AR was fused to YFP to facilitate identification of transfected cells and to allow determination of the localization of this light-sensitive protein within the cell.

As shown in the confocal image in [Fig. 6 C](#fig6){ref-type="fig"} (i), opto-α~1~AR is broadly expressed along the surface membrane of tsA-201 cells. To monitor \[Ca^2+^\]~i~, cells were loaded with the Ca^2+^ indicator Rhod-2. Areas of photoactivation of opto-α~1~AR ranged from 3 to 12 µm^2^. To prevent Ca^2+^ release from intracellular stores via IP~3~ receptors, xestospongin C (3 µM) was included in the patch pipette solution used in these experiments. As a control, we investigated the effects of local 474 nm light illumination on \[Ca^2+^\]~i~ in cells expressing opto-α~1~AR and PKCα only ([Fig. 6 C](#fig6){ref-type="fig"}, ii; *n* = 3). Illumination of two randomly selected sites with 473 nm light for 1 min did not evoke a change in \[Ca^2+^\]~i~ in these cells. A similar experiment was performed in cells expressing TRPV4 channels, PKCα, and opto-α~1~AR. In these cells, local light-induced activation of opto-α~1~AR elicited large local increases in \[Ca^2+^\]~i~ wherever protein was located ([Fig. 6 C](#fig6){ref-type="fig"}, iii; *n* = 3).

Having shown that local activation of G~q~-mediated signaling increases \[Ca^2+^\]~i~, presumably via activation of TRPV4 channels ([Fig. 6 C](#fig6){ref-type="fig"}), we investigated the effects of global, cell-wide activation of opto-α~1~AR on TRPV4 currents. [Fig. 6 D](#fig6){ref-type="fig"} shows TRPV4 currents recorded during a voltage ramp from −100 to +120 mV before and after illumination with 473 nm light. Consistent with the Ca^2+^ data, global, cell-wide illumination of cells with 473 nm light (1 min) increased whole-cell TRPV4 currents twofold ([Fig. 6, D and E](#fig6){ref-type="fig"}).

AKAP150 is required for AngII-induced increases in TRPV4 sparklet activity in arterial myocytes
-----------------------------------------------------------------------------------------------

The data presented raise an important question: if TRPV4 channels are activated by PKC and functional channels are expressed broadly along the membrane, why is TRPV4 sparklet activity restricted to only a few sites within the membrane? One potential explanation is that the anchoring protein AKAP150 targets PKC to sarcolemmal microdomains, where it selectively modulates nearby TRPV4 channels.

A prediction of this hypothesis is that AKAP150 is required for AngII-induced increases in TRPV4 sparklet activity. To test this prediction, we imaged TRPV4 sparklets in arterial myocytes isolated from WT and AKAP150^−/−^ mice ([Fig. 7, A and B](#fig7){ref-type="fig"}). Although basal TRPV4 sparklet activity was low in WT arterial myocytes, these events were never observed in AKAP150^−/−^ myocytes. This was not caused by a reduced expression of the channels in AKAP150^−/−^ myocytes, as GSK increased TRPV4 sparklet activity ([Fig. 7 A and B](#fig7){ref-type="fig"}) and TRPV4 mRNA was detected ([Fig. 7 C](#fig7){ref-type="fig"}) in these cells. Furthermore, although GSK increased TRPV4 sparklet activity to a larger extent in WT than AKAP150^−/−^ myocytes ([Fig. 7 B](#fig7){ref-type="fig"}), we found that application of 100 nM AngII increased TRPV4 sparklets in WT, but not AKAP150^−/−^ myocytes ([Fig. 7, D and E](#fig7){ref-type="fig"}). The amplitude of elementary TRPV4 sparklet events was similar in WT and AKAP150^−/−^ myocytes ([Fig. 7 F](#fig7){ref-type="fig"}). Together, these findings suggest that AKAP150 is required for modulation of TRPV4 sparklet activity in arterial myocytes during AngII signaling.

![AKAP150 is required for AngII-induced, PKC-dependent regulation of TRPV4 sparklet activity in arterial myocytes. (A) Representative records of \[Ca^2+^\]~i~ from a TRPV4 sparklet site before (top) and after (bottom) application of 100 nM GSK in an AKAP150^−/−^ arterial myocyte. The broken red lines show the amplitude of elementary TRPV4 sparklets. Solid red lines highlight basal \[Ca^2+^\]~i~. (B) Scatter plot of the activities of TRPV4 sparklet sites under control conditions and after application of GSK in WT (*n* = 10) and AKAP150^−/−^ (*n* = 25) arterial myocytes. The red lines are the median values (\*, P \< 0.05; Mann-Whitney test). (C) Bar plot of the normalized (TRPV4/β-actin) TRPV4 transcript level in WT and AKAP150^−/−^ myocytes (*n* = 3). Data are means ± SEM (error bars). ns, not significant. (D) TRPV4 sparklet records from an AKAP150^−/−^ myocyte before and after application of 100 nM AngII. (E) Scatter plot of TRPV4 sparklet activities in WT (*n* = 23) and AKAP150^−/−^ (*n* = 13) myocytes in the absence (control) and presence of AngII. The red lines are the median values (\*, P \< 0.05; Mann-Whitney test). (F) Histogram of the amplitudes of TRPV4 sparklets before and after exposing AKAP150^−/−^ arterial myocytes to GSK. The red line is the best fit to the GSK data with a Gaussian function using a *q* value of 48 nM.](JGP_201311050_Fig7){#fig7}

The interactions between AKAP150 and TRPV4 channels are dynamic
---------------------------------------------------------------

Although TRPV4 and AKAP79 (the human orthologue of AKAP150) have been shown to coimmunoprecipitate ([@bib44]), there is no direct evidence indicating that they interact in cells. This is important because in living cells the number and strength of AKAP150--TRPV4 interactions could be under the control of multiple physiological processes. To address this critical issue, we implemented a combination of confocal and super-resolution imaging approaches to determine the mobility, temporal dynamics, and localization of AKAP150 and TRPV4 channels.

FRAP was used to determine the fraction of mobile and immobile TRPV4-mCherry and AKAP150-EGFP expressed in tsA-201 cells. Photobleaching was limited to an area of ∼3--12 µm^2^ of the surface membrane (i.e., ∼0.1--0.2% of the surface area of a tsA-201 cell). [Fig. 8 A](#fig8){ref-type="fig"} shows the results of a FRAP experiment in a cell expressing AKAP150-EGFP. AKAP150-associated fluorescence decreased to nearly zero after illumination with high intensity light. After this, AKAP150-GFP increased with a seemingly exponential time course to only ∼60% of the prebleaching (i.e., control) fluorescence intensity, which suggests that a fraction of AKAP150 is immobile. Similar FRAP recoveries were obtained for TRPV4-mCherry ([Fig. 8 B](#fig8){ref-type="fig"}). These data suggest that TRPV4-mCherry and AKAP150-EGFP have mobile (i.e., recovered fluorescence) and seemingly immobile (i.e., unrecovered fluorescence) fractions in tsA-201 cells.

![The interactions between AKAP150 and TRPV4 channels are dynamic. (A) FRAP of AKAP150-EGFP in a small region of interest (diameter = 1 µm) of a representative tsA-201 cell. The gray rectangle shows the bleaching period with high-intensity 474 nm light. The broken line marks the mean AKAP150-EGFP fluorescence intensity before bleaching. *f~m~* and *f~i~* are mobile and immobile fractions, respectively. (B) Bar plots of the mobile and immobile fractions. Data are means ± SEM (error bars; *n* = 5). (C) Confocal images of the top and center of a cell expressing TRPV4-mCherry and AKAP150-EGFP. Bars, 2 µm. (D) RICS auto (TRPV4 and AKAP150) and cross-correlation (ccRICS) signal. (E) RICS auto (CIBN and AKAP79) and cross-correlation (ccRICS) signal. Bars, 2 µm.](JGP_201311050_Fig8){#fig8}

Next, we used RICS to quantify the diffusion coefficients of TRPV4-mCherry and AKAP150-EGFP. ccRICS was used to examine AKAP150--TRPV4 interactions in detail ([@bib8],[@bib9]; [@bib33]). Because these techniques are relatively new, we will describe them briefly before describing the results of our experiments. In RICS and ccRICS, pixel intensities are collected sequentially from left to right, row by row until an entire image (256 × 256 pixels) is obtained. Scanner fly-back and pixel dwell times are taken into account to obtain temporal information about fluorescence intensity fluctuations from the image. Image correlations were fit with an equation relating the correlation to the diffusion coefficient of the fluorescent proteins imaged. The shape of the resulting RICS function reflects the diffusion rate and binding interactions between proteins. For example, the RICS function of rapidly diffusing fluorescent proteins typically has an elongated shape along the fast scan axis (i.e., x axis) because molecules move fast relative to the line scanning time. In contrast, the RICS cross-correlation function of slow (relative to the x axis) protein--protein interactions is typically round in shape because of a high probability of correlating particles in the x axis and slower y axis.

We collected images from the center and top of cells expressing TRPV4-mCherry and AKAP150-EGFP ([Fig. 8 C](#fig8){ref-type="fig"}). Results obtained from the analysis of an exemplar cell are shown in [Fig. 8 D](#fig8){ref-type="fig"}. The value *G(x,y)* is the correlation function and x and y the spatial correlation shifts. We found that the diffusion coefficient of TRPV4 (*D~TRPV4~* = 1.0 ± 0.3 µm^2^/s) was faster than that of AKAP150 (*D~AKAP~* = 0.6 ± 0.2 µm^2^/s; *n* = 8, P \< 0.05). Furthermore, our ccRICS analysis suggests that the diffusion coefficient (*D*~CC~) of correlated AKAP150 and TRPV4 channels was 0.8 ± 0.2 µm^2^/s (*n* = 8).

We tested the hypothesis that AKAP150 and TRPV4 channels dynamically interact in the surface membrane using ccRICS. If the movement of AKAP150 and TRPV4 is correlated, as expected if these proteins were to interact in the membrane, the amplitude of their cross-correlation function (*G*~cc~) could be, at most, similar to the amplitude of the autocorrelations (*G*~TRPV4~ or *G*~AKAP~). Cross-correlation values significantly lower than *G*~TRPV4~ or *G*~AKAP~ would imply that the movement of these molecules is uncorrelated. Consistent with our hypothesis, the ccRICS function of TRPV4 and AKAP150 was large in amplitude and round in shape ([Fig. 8 D](#fig8){ref-type="fig"}). Indeed, the cross-correlation ratio of AKAP150 and TRPV4 (*G*~cc~/\[mean of *G*~TRPV4~ and *G*~AKAP~\]) was 0.40 ± 0.05 (*n* = 8). This cross-correlation ratio is nearly eightfold higher than that of membrane-associated AKAP150-mCherry and CIBN-EGFP-CAAX (0.05 ± 0.02; *n* = 3), which presumably do not interact ([Fig. 8 E](#fig8){ref-type="fig"}). CIBN-EGFP-CAAX was generated by fusing the transcription factor CIBN to EGFP and by adding a CAAX box to its C terminus to ensure plasma membrane targeting of this protein ([@bib23]). Collectively, our ccRICS data suggest that the correlated movements of TRPV4 and AKAP150 are likely caused by specific localized interactions between these proteins in the surface membrane.

Having found that AKAP150 and TRPV4 channels interact in the surface membrane of tsA-201 cells, we investigated the spatial organization of these two proteins in arterial myocytes using confocal and super-resolution imaging. As illustrated in the confocal image in [Fig. 9 A](#fig9){ref-type="fig"}, AKAP150 (green) and TRPV4 channels (red) are expressed along the sarcolemma of arterial myocytes. The Pearson correlation coefficient between the AKAP150 and TRPV4-associated fluorescence signals was +0.91, which indicates that a large fraction of these proteins are separated by \<250 nm in arterial myocytes ([Fig. 9 A](#fig9){ref-type="fig"}).

![Spatial organization of AKAP150 and TRPV4 channels in arterial myocytes. (A) Confocal immunofluorescence images of AKAP150 and TRPV4 in an arterial myocyte. The image to the right was generated by merging the AKAP150 and TRPV4 images. The graph shows the relationship between TRPV4 and AKAP150-associated fluorescence for each pixel in these images. The broken lines show the thresholds for signal detection in the AKAP150 and TRPV4 channel. The Pearson's coefficient (ρ) was +0.91. (B) Super-resolution localization map of TRPV4 (green) and AKAP150 (red) in an arterial myocyte. (C) Regions where TRPV4 (green) and AKAP150 (red) colocalized in the super-resolution map in B after object-based colocalization analysis. Insets in B and C are enlarged views of the regions of the cells marked by the rectangles. The broken lines mark the outline of the cell. Inset bar, 200 nm. (D) Percentage of TRPV4 channels showing specific and nonspecific (i.e., random) colocalization within 30 nm of AKAP150. Data are means ± SEM (error bars; \*, P \< 0.05; *n* = 4; one-tailed Student's *t* test).](JGP_201311050_Fig9){#fig9}

Super-resolution GSD localization maps of AKAP150 indicate that, like TRPV4, this protein is not homogeneously distributed along the sarcolemma of arterial myocytes. Rather, AKAP150 is expressed in small puncta with a mean area of 2,300 ± 82 nm^2^ (*n =* 53,531 particles). Analysis of super-resolution localization maps from cells labeled with TRPV4 and AKAP150 antibodies indicated that only a small fraction (∼1.3%) of AKAP150 puncta were \<30 nm away from TRPV4 channel puncta in arterial myocytes ([Fig. 9, B and C](#fig9){ref-type="fig"}).

We demonstrated that AngII modulates TRPV4-mediated Ca^2+^ influx by increasing TRPV4 activity of previous active sites and by forming new sites. Because AKAP150 and TRPV4 can move within the surface membrane of cells, we tested the hypothesis that AngII increases the proximity between TRPV4 and AKAP150 complexes. Consistent with our hypothesis, we found that activation of AngII signaling increased the proximity of AKAP150 and TRPV4 puncta in arterial myocytes. Indeed, there was an approximately threefold increase in the fraction of AKAP150 and TRPV4 at or below 30 nm in arterial myocytes ([Fig. S3](http://www.jgp.org/cgi/content/full/jgp.201311050/DC1){#supp3}). This suggests that, as in tsA-201 cells, AKAP150 and TRPV4 channels move and could increase their proximity in the sarcolemma of arterial myocytes.

DISCUSSION
==========

Our data support a new model for the local regulation of Ca^2+^ influx via TRPV4 channels in arterial myocytes ([Fig. 10](#fig10){ref-type="fig"}). In this model, the opening of TRPV4 channels results in large amplitude sparklets. Although basal TRPV4 sparklet activity is low, activation of G~q~-coupled AngII receptors as well as application of the channel activator GSK and 11,12-EET boost Ca^2+^ influx by increasing the amplitude, frequency, and duration of TRPV4 sparklets. Our data indicate that AKAP150 and PKC are required for the enhancement of TRPV4 sparklet activity during AngII signaling. Interestingly, AKAP150 and TRPV4 channels dynamically interact along the cell's surface membrane. We propose that AKAP150 regulates local Ca^2+^ influx by targeting PKC to specific sarcolemmal domains where this kinase can modulate nearby TRPV4 channels.

![Proposed model for the local control of TRPV4 channels in arterial myocytes. (A) In this model, a subpopulation of Ca~V~1.2 and TRPV4 channels is associated with AKAP150. This anchoring protein targets PKCα to the sarcolemma of arterial myocytes. Under basal conditions, TRPV4 sparklet activity is very low. Cytosolic Ca^2+^ is largely controlled by Ca^2+^ influx via voltage-gated Ca~V~1.2 channels. (B) An increase in AngII levels activates G~q~-coupled receptors, increasing cytosolic DAG and IP~3~ levels. DAG activates AKAP150-anchored PKCα. Upon activation, PKCα can phosphorylate nearby TRPV4 and Ca~V~1.2 channels, which increases the open probability of these channels. The opening of TRPV4 channels results in the production of large sparklets. Indeed, the total Ca^2+^ influx during a TRPV4 sparklets is ∼100-fold higher than during a Ca~V~1.2 sparklet. However, the overall activity of Ca~V~1.2 channels is much higher than that of TRPV4 channels. This limits TRPV4 sparklets to the regulation of local \[Ca^2+^\]~i~. A key feature of the proposed model is that AKAP150 and TRPV4 channels are mobile and could interact dynamically. Thus, the distance separating these proteins could change over time depending on physiological conditions. Accordingly, the location of TRPV4 sparklet activity could change over time depending on the proximity and activity of AKAP150-associated PKCα to these channels.](JGP_201311050_Fig10){#fig10}

The physiological implications of the opening of TRPV4 channels depend on the magnitude of the currents and Ca^2+^ signals they produce. Because TRPV4 channels are nonspecific cation channels, only a fraction of their total currents are carried by Ca^2+^ ions. We estimated the Ca^2+^ flux underlying elementary TRPV4 sparklets under physiological conditions (i.e., no EGTA in the cytosol) using the following equation:$$J = \frac{\Delta\left\lbrack {Ca^{2 +}} \right\rbrack_{i} \times B \times V}{T},$$where *J* is the Ca^2+^ flux, *Δ\[Ca^2+^\]~i~* is the change in Ca^2+^ concentration, *B* is the Ca^2+^ buffering power of the cell, *V* is the volume occupied by the sparklet, and *T* is the open time of a TRPV4 channel. The calculation was performed using a *T* of 3 ms ([@bib16]), *V* of 10 fl, a volume similar to that occupied by a Ca^2+^ spark in the absence of EGTA ([@bib7]; [@bib32]), and *B* of 80 ([@bib19]). With these conditions, a Ca^2+^ flux of 1.3 × 10^−17^ mol/s (equivalent to a current of ∼2.5 pA) would produce a *Δ\[Ca^2+^\]~i~* of 50 nM. This estimate of Ca^2+^ flux implies that TRPV4 channels are highly permeable to Ca^2+^, a conclusion that is compatible with our finding that TRPV4 sparklets are larger than Ca~V~1.2 sparklets and two previous studies suggesting that TRPV4 channels are more permeable to Ca^2+^ than to Na^+^ and K^+^ ([@bib26]; [@bib38]).

The analysis described here also sheds light on why TRPV4 channels, but not Ca~V~1.2 channels, can activate RyRs located in the junctional SR of arterial myocytes ([@bib12], [@bib13]; [@bib14]; [@bib39]). In principle, the coupling strength between RyRs and TRPV4 or Ca~V~1.2 channels is determined by multiple factors including their proximity, the amplitude of the local \[Ca^2+^\]~i~ signal produced by sparklets, and the sensitivity of RyRs to Ca^2+^. Although TRPV4 and Ca~V~1.2 channels are expressed near the junctional SR, our data indicate that the total Ca^2+^ flux (i.e., signal mass) of a TRPV4 sparklet was nearly 100-fold higher than for a Ca~V~1.2 sparklet. Thus, multiple Ca~V~1.2 channels would have to open simultaneously to produce the same local Ca^2+^ signal as that of a single TRPV4 channel in an arterial myocyte. Although clusters of 2--6 Ca~V~1.2 channels can open coordinately ([@bib31]), even these relatively rare coupled gating events would fall short of the Ca^2+^ flux through a single TRPV4 channel in arterial myocytes. The high flux of Ca^2+^ through individual TRPV4 channels allows for tight functional coupling between these channels and RyRs over a wider range of distances than for Ca~V~1.2 channels in arterial myocytes.

It is important to note that although the Ca^2+^ flux associated with a TRPV4 sparklet is much higher than a Ca~V~1.2 sparklet, the activity of TRPV4 sparklets is much lower than Ca~V~1.2 sparklets, particularly over the physiological range of membrane potentials of arterial myocytes (−50 to −30 mV). This has an important functional consequence: it allows Ca~V~1.2 sparklets to directly contribute to global increases in \[Ca^2+^\]~i~ and limits TRPV4 sparklets to the regulation of local \[Ca^2+^\]~i~. However, it is worth noting that given the large amplitude of TRPV4 sparklets, a large increase in the activity of these channels has the potential to increase both local and global \[Ca^2+^\]~i~ in cerebral arterial myocytes ([Fig. 10](#fig10){ref-type="fig"}).

Our study raises an important question: Why are a seemingly small number of these channels involved in Ca^2+^ influx in the cell? We propose a potential answer to this difficult question. Recent work from our laboratory demonstrated that AKAP150 targets PKC to the sarcolemma of arterial myocytes ([@bib30]). Furthermore, it was found that PKC expression was similar in WT and AKAP150^−/−^ myocytes. In combination with the data presented here, these findings suggest that the low TRPV4 sparklet activity observed in AKAP150^−/−^ myocytes was not caused by decreased levels of PKC, but rather by a lack of anchoring of this kinase to the sarcolemma, where it can modulate nearby TRPV4 channels during AngII signaling. Super-resolution localization maps revealed that AKAP150 and TRPV4 channels are expressed in puncta of varied sizes and proximities everywhere in the sarcolemma of these cells. In the model proposed here, the number and activity of TRPV4 sparklet sites is determined by the activities and spatial organization of G~q~, DAG, AKAP150, PKC, and TRPV4 channels in arterial myocytes. Low TRPV4 sparklet activity could thus be caused by low local PKC activity or delocalization of this kinase. Because AKAP150 and TRPV4 channels are mobile and could interact dynamically, the distance separating these proteins could change over time depending on physiological conditions. Therefore, an interesting prediction of the model is that TRPV4 channel activity may not be restricted to a small, fixed number of channels. Instead, all TRPV4 channels in the membrane could potentially participate in Ca^2+^ influx. The specific subset of active TRPV4 channels could change with time depending on two factors: the proximity and activity of AKAP150-associated PKC to these channels. The opto-α1AR experiments showing that TRPV4-mediated Ca^2+^ influx could be induced wherever opto-α1AR and TRPV4 channels were expressed give credence to this view. Future experiments should test these predictions.

GSK-induced TRPV4 sparklets with similar amplitude and duration to those reported in this study have also been recorded from endothelial cells in mesenteric arteries ([@bib36]). These GSK-induced TRPV4 sparklets activate intermediate conductance, Ca^2+^-sensitive K^+^ channels, which hyperpolarize and relax connected arterial myocytes. Interestingly, the GSK-induced vasodilation reported in mesenteric arteries requires an intact endothelium. This suggests that mesenteric arterial myocytes do not express TRPV4 channels or that, if expressed, these channels are functionally silent. We found that GSK- and AngII-induced TRPV4 sparklet activity was significantly lower in AKAP150^−/−^ myocytes. Thus, it is intriguing to speculate that regional variations in AKAP150 expression could contribute to differences in TRPV4 channel function throughout the vasculature. Regardless of the mechanisms underlying regional differences in TRPV4 channel activity or expression, these studies suggest that TRPV4 channels are key regulators of arterial function whether they are expressed in endothelial cells or myocytes.

To conclude, we propose that PKC, AKAP150, and TRPV4 channels form dynamic signaling domains that control Ca^2+^ influx in arterial myocytes. Activation of G~q~-coupled AngII receptors enhances TRPV4 sparklet activity via activation of AKAP150-targeted PKC near these channels. In myocytes, TRPV4 sparklet activity seems to be regulated by the localization and activities of G~q~-coupled receptors and AKAP150-targetd PKC. Together, these proteins form part of a dynamic feedback system that opposes vasoconstriction.
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